1 Abstract 1 Quiescent (Q-Cell) Escherichia coli cultures can be created by using the signalling 2 molecule indole to halt cell division of an hns mutant strain. This uncouples metabolism 3 from cell growth and allows for more efficient use of carbon feedstocks. However, the 4 reason for the increased productivity of cells in this state was previously unknown. We 5 show here that Q-cells can maintain metabolic activity in the absence of growth for up to 6 24 h, leading to four times greater per-cell productivity of a model metabolite, 3-7 hydroxybutyrate (3HB), than a control. Metabolomic data show that by disrupting the 8 proton-motive force, indole interrupts the tricarboxylic acid cycle, leading to the 9 accumulation of metabolites in the glycolysis pathway that are excellent starting points 10 for high-value chemical production. By comparing protein expression patterns between 11 wild-type and Q-cell cultures we show that Q-cells overexpress stress response proteins, 12 which prime them to tolerate the metabolic imbalances incurred through indole 13 addition. Quiescent cultures produced half the cell biomass of control cultures lacking 14 indole, but were still able to produce 39.4 g.L -1 of 3HB compared to 18.6 g.L -1 in the 15 control. Therefore, Q-cells have high potential as a platform technology for the efficient 16 production of a wide range of commodity and high value chemicals. 17 18
of E. coli by allowing protons to return to the cytoplasm after their expulsion to the individual fermentations (n = 4) and ellipses represent 95% confidence intervals. The full series of PCA analyses 117 for LC-MS/MS and GC-MS data are shown in Supplementary Fig. 1 To identify the metabolites with the most significant changes in concentration during 121 quiescence, we compared the time-courses of each metabolite between the control (wild-type, 122 0 mM indole) and quiescent cultures, and ranked each metabolite by the variation in time-123 course profile using Multivariate Empirical Bayes Analysis for time-course data (MEBA) 124 (Tai and Speed, 2006) . The individual graphs of concentration versus time for each metabolite 125 and cofactor are provided in Supplementary Fig. 3 -6 . Intermediates of PPP were unchanged or reduced in concentration over time under either condition (Table 1) . However, glycolysis 127 intermediates were present at higher concentrations in quiescent cells than in the control. We 128 noted particularly significant increases in phosphoenolpyruvate (PEP), 3-phosphoglycerate 129 and 2-PG (3/2-PG), and acetyl-Coenzyme A (Ac-CoA), of which the latter two increased over 130 time in quiescent cells but decreased in the control. 131 Maharjan et al., 2005) . HPLC analysis of culture supernatants showed that acetate was the 152 only organic acid secreted by the cells, and was produced at approximately 30% higher 153 specific concentration by hnsΔ93 than by wild-type cells. Since acetate stimulates the 154 glyoxylate cycle (Maloy and Nunn, 1982; Ornston and Ornston, 1969) it is plausible that 155 higher concentrations of acetate might result in a higher flux through the glyoxylate cycle 156 even when glucose is present. Using quantitative real-time PCR (qRT-PCR) we measured 
166
underlined text had concentrations below the limit of detection. Those in black text were not possible to detect 167 with our system. Italic font indicates the names of enzymes involved in the glyoxylate pathway.
169
A key function of the TCA cycle is to reduce NAD + to NADH, which acts as an electron 170 donor for the electron transport chain. In our experiment, the concentration of NAD + and the 171 related molecule NADP + slowly decreased over 4 h under all conditions, but remained highest 172 for hnsΔ93 with 3 mM indole ( Supplementary Fig. 6 ). The concentrations of the reduced 173 forms of both molecules were also lower than the oxidized forms; in the case of NADH, 174 below the limit of detection. Furthermore, adenosine phosphate concentrations remained more 175 constant in quiescent cultures than under other conditions. Therefore, the quiescent state must 176 involve a homeostatic mechanism by which cofactor concentrations are controlled.
Global protein expression changes are primarily due to the hns mutation
Since H-NS regulates approximately 5% of all gene expression in E. coli (Hommais et al., 179 2001) we speculated that the hnsΔ93 mutation might affect the expression of proteins 180 involved in metabolism and stress response. Therefore, we drew samples for protein 181 expression profiling in parallel with samples for metabolite analysis 1 h into the time-course 182 experiment. 2-dimensional differential in-gel electrophoresis (2d-DIGE) showed that almost 183 all the variation in protein expression was due to the strain genotype rather than indole 184 addition ( Fig. 4a,b) . A total of 424 protein spots were present in every spot map (complete 185 cases), with 32% of those differing significantly (p ≤ 0.05) due to the strain (Fig. 4c ). Using 186 more stringent criteria, we identified 43 protein spots with ≥ 3-fold increase or decrease in 187 expression compared to the control (p ≤ 0.001). ANOVA for the 43 selected spots showed 188 that 39 spots varied due to the strain and 2 spots due to indole addition. The remaining 2 spots 189 varied due to a combination of indole and strain, although there was no interaction.
191
The 43 selected spots were excised from the gel, digested by trypsin and subjected to peptide 192 fingerprinting analysis via mass spectrometry. The results were queried against the SwissProt 193 database using MASCOT v.2.4.1, and we were able to identify 12 spots with a high certainty 194 of representing a single protein (or, in one case, two) ( Table 2) . Of the 12 proteins identified, expression was also reduced in hnsΔ93. We noted earlier that the hnsΔ93 mutant grew more 199 slowly than the wild-type in mineral salts medium. PyrB knockout mutants are unable to grow 200 in M9 medium due to a reduction in nucleotide synthesis, so the reduction in PyrB expression 201 in the mutant might explain this observation (Patrick et al., 2007) . 
Application of Q-cells to the production of 3-hydroxybutyrate 224
The build-up of glycolysis intermediates, and the fact that fewer resources are diverted 225 towards growth, potentially make Q-cells an ideal cell factory for small molecule production.
226
3HB was chosen as a model for metabolite production as it requires the expression of only 227 three heterologous enzymes for its production from Ac-CoA and its presence in the growth 228 medium can be assayed simply with commercially-available kits. To produce 3HB, two Supplementary Fig. 7 . We expected that this biosynthetic pathway would exploit the large accumulation of PEP and Ac-CoA in quiescent to the metabolic rate of the cell. Therefore, the control culture became unproductive as 259 metabolism slowed upon entry into stationary phase, whereas the quiescent culture continued 260 to produce 3HB. It is this extended production period that accounts for the superior 261 productivity of quiescent cultures. Ceasing growth clearly allows quiescent cultures to take 262 advantage of the large pool of available metabolites that were revealed by our metabolomics 263 analysis.
264 4 Discussion 265 We show here that the hnsΔ93 mutation leads to wide-scale changes in protein expression.
266
These changes did not greatly affect the balance or concentration of metabolites between the DNA replication and gene transcription in E. coli are coordinated throughout the growth cycle 281 by controlling the topological structure of the chromosome (Balke and Gralla, 1987; Hsieh et al., 1991; Ohniwa et al., 2006) . It has also been suggested that a high density of DNA gyrase 283 binding sites (and consequently high superhelical density) near to the replication origin is 284 correlated with genes that are expressed early in the growth cycle (Lau et al., 2004; Sobetzko 285 et al., 2012) . Indole inhibits DNA gyrase, but is not thought to have a strong effect at 3 mM 286 . Therefore, the protein expression and metabolic effects we 287 observed are unlikely to be a consequence of DNA gyrase inhibition by indole. As noted 288 before, other mutations in hns do not allow the induction of quiescence (Rowe and Summers, 289 1999) . Therefore, we conclude that the hnsΔ93 mutation affects the binding of H-NS to DNA 290 in a way that loosens its control over the expression of a subset of the genes which it inhibits, 291 and that this subset includes a large number of stress response genes.
293
It is not necessary for indole to affect protein expression in order to influence metabolite 294 concentrations since metabolic balance is controlled largely through modulation of enzyme 295 activity (Ishii et al., 2007) . As a protonophore, indole reduces the PMF, leading to increased 296 proton pumping by the electron transfer chain (Korshunov et al., 1997) . This stimulates a 297 demand for NADH from the TCA cycle, leading to an increased rate of respiration. However,
298
in our experiments the TCA cycle was disrupted. Continued supply of glucose into glycolysis 299 but reduced activity in the TCA cycle led to the build-up of glycolytic intermediates, 300 particularly at the junction between glycolysis and the TCA cycle.
302
Our results suggest that the hnsΔ93 mutation essentially 'primes' cells for the effect of indole 303 on metabolism and prepares the cells for quiescence. When indole is present, metabolism 304 proceeds in a redox-imbalanced fashion, resulting in a reduction in NAD + and NADP + 305 concentrations as the pathways that regenerate them are inhibited (Fig. 3) . In the wild-type 306 strain this soon leads to oxidative damage by reactive oxygen species (ROS) (Cabiscol et al., cultures grew slower than the wild-type both before and after indole addition. Despite the different growth rates, the OD 600 at the start of the feeding stage was the same for all cultures.
terrific broth (TB) at all stages of the 3HB production experiments. TB medium consists of 24 g.L -1 yeast extract, 367 12 g.L -1 peptone, 9.4 g.L -1 K 2 HPO 4 , 2.2 g.L -1 KH 2 PO 4 , 4 g.L -1 glucose and 2.4 g.L -1 MgSO 4 . A 100 mL pre-368 culture of E. coli W3110hnsΔ93/pTrctesBphaAB was grown overnight in TB medium at 37 °C then used to 369 inoculate the fermentor (5 L vessel), which contained a further 1.9 L of fresh TB medium. Ampicillin (100 370 μ g/mL) was included in all growth media and the nutrient feed, to select for cells containing the plasmid.
372
When the original glucose supply was depleted (signaled by a rise in pH), a feed medium consisting of 190 g.L -1 373 glucose, 108 g.L -1 peptone, 84 g.L -1 yeast extract, 9.4 g.L -1 K 2 HPO 4 , 2.2 g.L -1 KH 2 PO 4 and 1.2 g.L -1 MgSO 4 was 374 pumped into the fermentor at an initial flow rate of 0.28 mL.min -1 . The ratio of glucose to complex nitrogen in 375 this feed was kept much higher than TB medium to provide a better stoichiometric balance. The flow rate was 376 increased exponentially so as to double every 2 h pre-induction to keep pace with the growth rate of the cells.
377
Indole was dissolved in ethanol to 150 mM and pumped into the fermentor at a rate of 0.28 mL.min -1 for 2 h, 378 through a tube that exited below the level of the medium to ensure good dissolution. Induction was done with 379 IPTG (1 mM final concentration) 30 min after the start of the indole feed. The feed rate post induction was kept 380 constant since we observed a drop in the growth rate of the cells.
382
Cell growth was measured as OD 600 following appropriate dilution and as cell dry weight (CDW) by collecting 383 the cells from two 1 mL samples through centrifugation and drying in an oven until constant weight. The
384
average of the two weights was reported. Glucose concentrations were recorded using a medical glucose meter 385 and disposable enzyme assay strips. Substrate consumption rates (with respect to glucose) were calculated from 386 a material balance on the amount fed per unit time and the residual glucose concentration in the culture medium.
387
Following centrifugation at 17,000 × g for 2 minutes to remove the cells, samples of the supernatant (1 mL) were kept at -80 °C before testing for 3HB concentrations using a β -hydroxybutyrate colorimetric assay kit (Cayman (Soga, 2007; Yoshida et al., 2008) . Briefly, the metabolites were extracted into a internal standard for semi-quantitative analysis. After centrifugation at 15,000 × g at 4 °C for 5 min, 10 μ L of chromatography coupled with electrospray ionization tandem mass spectrometry (LCMS-8040 triple quadrupole 421 LC-MS/MS spectrometer; Shimadzu, Japan) as described previously (Luo et al., 2007) . 
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To reduce cysteine residues, 100 mM ammonium bicarbonate with 10 mM dithiothreitol (25 μ L) was added for 481 15 min at 50 °C, then 250 mM iodoacetamide in 100 mM ammonium bicarbonate (2 μ L) was then added and the 482 spots were incubated for 15 min at room temperature in the dark for alkylation. After washing and dehydration 483 as before, the protein in the dried gel debris was digested at 37 °C overnight with 100 ng/10 μ L modified trypsin 484 solution. The digested protein fragments were collected from the supernatant and extracted from the gel debris 485 by the addition of 50-80% acetonitrile containing 1% trifluoroacetic acid (3 × 25 μ L).
487
The resulting protein sample was resolved in 2% acetonitrile containing 0.1% trifluoroacetic acid and applied to 488 the liquid chromatography (LC) system (Advance nanoLC; Bruker-Michrom, USA) coupled to an LTQ linear D.K.S. is named as an inventor on U.S., European and other patents (see: US 2009/0004700 A1: Chemical
